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Abstract
Guánica Bay is an estuary located in southwest Puerto Rico, with a coral reef ecosystem at its
periphery. This ecosystem is affected by sediments, nutrients, and contaminants from the
watershed through the Bay and into the offshore water. This project evaluates Guánica Bay and
La Parguera coastal areas through remote sensing and chemical analysis to assess coastal
ecosystem health. The concentration of metals in two coral species and their associated surface
sediments was were analyzed by X-ray fluorescence (XRF) and Direct Mercury Analyzer (DMA80). Ocean color remote sensing was used to estimate nutrient inputs and phytoplankton biomass
through chlorophyll-a (chl-a) concentrations from Guánica Bay to La Parguera. Chl-a is an
indicator of the abundance of phytoplankton and biomass in coastal, and estuarine water. In 2019,
chl-a for virtual stations and single pixel sample sites mirrored each other. Furthermore, high chla concentrations were observed for most sites for 2019. This coincides with metal inputs to the
ecosystem attributable to an unusually wet dry season which led to more surface runoff and
increased algal growth. Higher concentrations of Cu and Zn compared to the Whitall et al. (Whitall
et al.) study was found in coral tissue. In the coral Montastraea cavernosa Cu concentration of 103
ppm is over 69 ppm threshold that affects coral fertilization. Though coral Zn levels found in this
study were higher than those reported by Whitall et al. (Whitall et al.), the concentrations are not
considered toxic. Moreover, in surficial sediment, all metal concentrations were low.
Geoaccumulation Indices (Igeo) calculated for sediments and corals indicated no contamination for
most metals except Cu. Igeo was highest at Baul which is close in proximity to an urbanized area,
Igeo for Cu was > 2, and chl-a values were high, indicative of moderate to strong contamination.
This strongly suggests that anthropogenic inputs, may adversely affect coral health during
unseasonably high precipitation in this location. The results of this study provide an update to the
baseline of Whitall et al. (Whitall et al.) and adds to the knowledge base of metal concentrations
in surficial sediment and coral tissues from coastal Puerto Rico, useful for comparisons to future
measurements.
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Introduction
Reefs are formed by colonies of coral polyps held together by calcium carbonate and are
essential in protecting coastlines from the damage of wave action and tropical storms. They also
provide habitat and shelter for fisheries. Coral reefs are vital to Puerto Rico because they provide
revenue from tourism and support the economy of small coastal municipalities. Human activities
threaten nearly two-thirds of the coral reefs in the Caribbean. The US Coral Reef Task Force (Ryan
et al., 2008) identified pollution as a critical threat to coral reef resources in Puerto Rico and other
U.S. territories (Pait et al., 2008). The present status of Puerto Rican coral reefs is amongst the
most critical in the Caribbean due to accelerated urban and industrial coastal development during
the last 40 years combined with a lack of effective management of these resources (Causey et al.,
2000). Other critical anthropogenic activities in the study area include the Morri J Berman oil spill
in San Juan in 1994, the anchoring of large cargo vessels, overfishing, uncontrolled recreational
activities, and eutrophication (Causey et al., 2000).
NOAA Line Offices created a partnership with The Coral Reef Conservation Program to
protect and monitor coral reefs [NOAA Coral Reef website https://coralreef.noaa.gov/]. In addition
to the coral reef conservation program, they also created coral reef information systems that help
monitor coral health and mortality [NOAA Coral Reef website https://coast.noaa.gov/states/fastfacts/coral-reefs.html]. NOAA has also researched critical threats to corals, such as how
contamination from indirect and direct human activities, climate change, and ocean acidification
affect corals reef health [NOAA Coral Reef website https://coralreef.noaa.gov/]. Guánica Bay is a
major estuary in the southwest coast of Puerto Rico that is highly turbid and has high
polychlorinated biphenyl concentrations in the USA (Cheriton et al., 2019). Furthermore, Guánica
Bay and the adjacent coastal waters have been designated a National Priority Watershed by the
U.S. Coral Reef Task Force and a "management priority area" by NOAA's Coral Reef
Conservation Program. (Cheriton et al., 2019; Pait et al., 2008; Whitall et al., 2013). The La
Parguera region to the west of Guánica Bay comprises various habitats dominated by coral reefs,
mangrove forests, seagrasses, macroalgal beds unconsolidated sediment(Pittman et al., 2010). La
Parguera has essential economic, cultural, and ecological value, and it was designated as Natural
Reserve in 1979.
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The reefs near Guánica Bay are more degraded and have less live coral cover than those
further downcoast to the west in the La Parguera region (Bauer et al., 2013; Warne et al., 2005).
Massive clearing of mangroves, dredging of rivers for sand and harbors, runoff from large-scale
agricultural developments, deforestation in large watersheds, raw sewage disposal, and power
plants are crucial factors stressing the coral reefs. Other major anthropogenic activities include oil
spills, anchoring of large oil cargo vessels, over-fishing, uncontrolled recreational activities,
eutrophication, and military bombing activities at Vieques and Culebra Islands (Causey et al.,
2000). La Parguera coral reef ecosystems had been subjected to relatively few land-based stressors.
However, increasing deforestation of the coastal limestone hills, coastal resort development, and
housing has been linked to increased sedimentation and nutrient input to the system (Pittman et
al., 2010; Ryan et al.; Warne et al., 2005). Multiple interacting stressors, including sedimentation,
nutrient runoff, elevated seawater temperature, and fishing, are changing the structure and function
of coral reef ecosystems of La Parguera (Pittman et al., 2010). Shallow-water coral reef ecosystems
experience a wide range of physical and chemical threats and stressors, which stem from
anthropogenic and natural causes such as coastal development, runoff, tourism and recreation,
boats, and groundings (Bruckner et al., 1996). A 2014 study by David Whitall and others at the
National Oceanic and Atmospheric Administration National Centers for Coastal Ocean Science
studied sites in these areas by sampling corals and sediments. The study showed that surface
sediment samples demonstrated unusually high total chlordane concentrations, total PCBs, Nickel,
chromium. Other varieties of contaminants (Ryan et al., 2008) were also at levels that may indicate
sediment toxicity. Elevated pollutants were generally limited to inside the Bay, although several
contaminants were elevated outside the Bay. After 2017 hurricane Maria, Puerto Rico experienced
persistent hydrological consequences involving the atmospheric, terrestrial (i.e., removal of leaf
cover from strong winds), and marine components (i.e., aquatic ecosystems) of the water cycle. A
significant amount (5.57 mg/L before Maria to 12.39 mg/L 2 weeks after Maria) of sediment was
carried through streams and rivers into coastal waters (Miller et al., 2019). The sediment content
of nearshore ocean waters remained elevated twofold for more than four months following Maria's
landfall (Miller et al., 2019).
While the Whitall study was conducted before Maria, this study was conducted after the
hurricane and therefore the quality and health of the coastal environment in Puerto Rico may have
experienced measurable changes. This study focuses on two coral species and their associated
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surface sediments to determine the concentration of metals that often associated with pollution.
Samples were analyzed by X-ray Fluorescence (XRF) and Direct Mercury Analyzer (DMA- 80),
adding to the database of contaminant concentration in surficial sediment and coral tissues and
will be useful for comparisons to previous measurements. Ocean color remote sensing was used
to estimate nutrient inputs and phytoplankton biomass through chlorophyll-a (chl-a)
concentrations from Guánica Bay to La Parguera. The hypothesis of this study is that metal
concentration in coastal sediments and corals reflect anthropogenic activities and Land-Based
Sources of Pollution (LBSP). This project evaluates Guánica Bay and La Parguera coastal areas
through remote sensing and chemical analysis to assess coastal ecosystem health.

Background
Bruckner et al. (1996) established that coral reefs' primary stressors are from land-based
sources. These sources include nutrient and chemical pollution from agricultural sources (i.e.,
fertilizers, herbicides, pesticides), human-derived sewage, and increased sediment from coastal
development and stormwater runoff. Other contaminants from anthropogenic activities in
nearshore areas, such as lawn fertilizers, chemicals in asphalt washed off roads, excrement from
livestock, and domesticated animals litter (Bruckner et al., 1996).
The quality of sediments and corals in the U.S. protectorate locations has been monitored
since

the

1990s

by

the

NOAA

Coral

Reef

Monitoring

Program,

https://www.coris.noaa.gov/monitoring/]. These locations include Commonwealth of the Northern
Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii, Pacific Remote Islands Area,
American Samoa, Florida, Flower Garden Banks, U.S. Virgin Islands, and Puerto Rico. Multiple
studies in southwest Puerto Rico research and monitor sediment contamination in Guánica Bay
and La Parguera. Whitall et al. (Whitall et al.) conducted a baseline study in Guánica Bay , Puerto
Rico, that showed Nickel concentrations were high for coral and sediment and high levels of zinc
in sediment but averaged in coral (Whitall et al., 2013). Whitall et al. (Whitall et al.) studied coral
(Porites astreoides) in Guánica Bay, Puerto Rico, and found a high concentration of metals other
contaminants, which may indicate sediment contamination. These contaminants were likely from
historical land uses in the environment close to the Bay (Whitall et al., 2014).
Warne et al. (Warne et al.) state that constant anthropogenically increased sediment and
nutrient discharge to the Puerto Rico shelf have contributed to the widespread degradation of coral
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reefs in Puerto Rico. Adverse effects of river-derived sediment and nutrient discharge on coral
reefs are prevalent in nearshore areas of the north, southwest, and west coasts of the island (Warne
et al., 2005). Of these, metal components and other contaminants (i.e., chemical) can be monitored
through remote sensing. Ocean color data, which falls in the visible light spectrum, tell us about
water quality (Hafeez et al., 2019). The primary remote sensing information from ocean color is
Chl-a variability, S.S., Total suspended solids (TSS), turbidity, and others (Hafeez et al., 2019).
Remote sensing has been applied to assess ocean color, geological features, and marine
observations (Dassenakis et al., 2011; Hafeez et al., 2019).

Figure 1: Locations of study sites in and around Guánica Bay Data Sources: Data SIO, NOAA, U.S. Navy, NGA, GEBCO

There are many applications through remote sensing techniques that can detect pollutants in marine
environments. Those applications are Chlorophyll-a pigments, suspended particulate material, and
oil. (Dassenakis et al., 2011). Chemical pollution from runoff and agriculture into the watershed
would contribute to nutrient loading, thus creating a desirable habitat for phytoplankton algal
bloom (depending on the concentration). However, if sediment inputs are too high, light
availability will be low, thereby limiting photosynthesis. Therefore, the remote sensing of Chl-a
can be used as a proxy for trophic conditions due to fertilizers, septic systems, sewage treatment
plants, and urban runoff. This study will evaluate the hypothesis that metal concentrations acquired
through G.C. mass spectrometry and XRF analysis vary with a surface Chl-a concentration
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obtained by remote sensing. This analysis will be compared to mercury and metal analysis of
samples to determine the degree of contamination, if any.
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Materials and Methods
Sampling Protocol
Coral tissue from two species, Orbicella faveolata and Montastraea cavernosa, and sediment were
collected from seven sites from Guánica Bay to La Parguera, Puerto Rico (Table 1). Samples were
collected between September 16th, 2019- September 18th, 2019, from shallow coral colonies (9-10
meters). Approximately 0.1- 0.5 g of coral tissue and 1-1.5 g of loose sediment was collected.
Sediment was collected directly adjacent to the coral colonies. Five coral samples and five
sediment samples were collected per species per site: for 20 samples. Sediments were placed in
plastic vials, and coral tissue was placed in aluminum foil and stored at -20 ºC.

Table 1:Chart of Site name and Locations

Site Number Site Name
Site 1
Mario
Site 2

Enrique

Site 3

Mouth of GB

Site 4

Baul

Site 5

Turrumote 2

Site 6

Romero

Site 7

Turrumote

Coordinates
N 17.57168
W 067.03386
N 17.57333
W 067.03187
N 17.9417
W 066.91037
N 17.92482
W 066.95233
N 17.92907
W 066.97482
N 17.94225
W 066.97089
N 17.93473 W
067.01876

# of Samples Collected
30 : 20 coral & 10 sediments
20: 10 coral & 10 sediment
20: 10 coral & 10 sediment
20: 10 coral & 10 sediment
20: 10 coral & 10 sediment
20: 10 coral & 10 sediment
20: 10 coral & 10 sediment

VIIRS Satellite Ocean Color Data Visualization
Processed data for ocean color/sediment output analysis was obtained from the Coral Reef Watch
(CRW) virtual stations that correspond to sample site locations. Additional raw ocean data was
downloaded directly from the VIIRS satellite at a resolution of 750 m from CRW (NOAA STAR
CRW, https://www.coralreefwatch.noaa.gov/) projected into the NASA SeaDAS. visualization
tool to compare chl-a from each site (represented by one pixel) to chl-a from the virtual station
which covers a larger area. Daily images were compounded into monthly images in a process
11

called Level 3 Binning. Images were then clipped only to show the southwest of Puerto Rico and
the resulting GeoTIFF image showing chl-a concentrations underwent final processing in QGIS.
Pixel extraction occurred to obtain values for sample sites; the chl-a values were exported as a text
file and imported into Microsoft Excel, where values were calculated for monthly averages to
identify wet and dry seasons of Puerto Rico in 2017, 2018, and 2019. February was identified as
indicative of the dry season and September as indicative of the wet season for these years. Nondata values were omitted from calculations of the monthly means for sample sites, that were
compared with CRW virtual Puerto Rico stations to compare chl-a mean concentrations.

GC-Mass Spectrometry analysis
Mercury analyses were carried out with a Direct Mercury Analyzer (DMA80, Milestone Srl, Italy).
Samples were dried thermally in an oxygen-rich furnace. Mercury (Hg) and other products were
released from the sample and carried to a catalyst section of the furnace where Hg and the others
were separated, allowing for Hg isolation. Through gold amalgamation, Hg is selectively trapped,
and the combustion by-products are flushed (Figure 1) (A. Dahab, 2015).

.
Figure 2: DMA-80 Schematic (A. Dahab, 2015)

The amalgamation furnace is heated, and Hg is released. Mercury is transported via the carrier gas
into a unique block where it is analyzed by atomic absorption. The software generates results and
is exported in a Microsoft Excel spreadsheet containing the concentration of mercury for each
sample. Calibration and analytical procedures were conducted according to EPA protocol 747
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(U.S.EPA, 1998). Measurements were performed on ~ 0.2 g of sediment and coral tissue without
pre-treatment.

X-ray Fluorescence Analysis
Metal concentrations (other than Hg) were obtained by a Bruker Tracer Vi portable X-ray
Fluorescence spectrometer (pXRF) handheld unit that uses a high-resolution silicon drift detector
(SDD), a 4 W miniature X-ray tube with a rhodium anode, and a maximum source current of
200 µA. The X-ray beam window has an area of ~2 cm2 (1.5×1.3 cm) and a digital pulse processor.
pXRF is a non-destructive analytical technique used to determine the elemental composition of
materials. Analyzers determine a sample's chemistry by measuring the fluorescent (or secondary)
(v) X-rays emitted from a sample when it is excited by a primary X-ray source. Each of the
elements present in a sample produces a set of characteristic fluorescent X-rays unique for that
specific element.

Each sample was ground into a powder with methanol in an agate mortar, [allowed to dry], and
subsequently mounted in a SPEXTM SamplePrep Disposable XRF X- CellTM cup. Samples were
then covered with a circular SPEX™ SamplePrep Window Film, 7.28 cm in diameter, and 4.1 µm
(0.16 mil) thickness. pXRF analysis was performed at a voltage of 50 mV and a current of 15 µA
during a 30-second assay. A yellow filter (Ti 25 µm, Al 300 µm) was applied to reduce background
noise. A spectrum is displayed with all elements that are present in the samples where
deconvolution occurs. Deconvolution is a mathematical, statistical analysis used to extend
overlapping peaks into its separate components. Net count values are then evaluated and exported
to Microsoft Excel for further analysis. Powered rock standards from the USGS repository and
GeoRem (http://georem.mpch-mainz.gwdg.de/ ) (i.e., AGV S74 P21, AGV-1 S6 P21, BCR1,
BHVO-1 S23_P12, BHVO-2_109S, BIR-1_0853, COQ-1, DNC-1 G, G-2_P19, G-2_S59 P26, G2_S104_P2, G-2_S117_P19, GSP-1 S62 P30, GSP-1_S73_P26, GSP-1_S76_P21, JB-1, JG-1,
MAD-1_S58_P18, OBSD_S25_P24, PCC-1, QLO1_P2, STM-1_423, STM-1_S7_P17, STM1_S55_P10, and W-2_1101) were used to calibrate XRF counts to known concentrations by linear
regression. The R2 values was above 0.9 for majority of the elements except Cu, Fe, Y and V. The
calibration data and linear regressions are reported in Appendix A. The relative percent error was
17.4 for Mn, 12.6 for V, 11.0 for Cr, 6.5 for Ni,3.5 for Cu, 3.1 for Zn and Ga, 2.3 for Al, 0.65 for
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Y,0.028 for K, 0.015 for Ca, 0.012 for Ti, and 0.0013 for. Summary statistics for each site were
obtained for each element and are discussed in the results section.

Geoaccumulation Index
The Geoaccumulation Index (Igeo) (Müller, 1969) is one way to determine the degree of
contamination for a particular element. Igeo is used to identify and asses metal contamination in
sediments by comparing current concentrations to pre industrial concentrations (Nowrouzi and
Pourkhabbaz, 2014). Igeo is expressed as follows:

Igeo =Log2 ([Cn]/1.5(Bn))

where Cn is the concentration of the element in sediments, and Bn is the average background value
of the element in carbonate. Igeo values can be found in Table 5.
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Results

Figure 3: Mean Feb Chlorophyll-a Concentration (2017-2019)

Figure 4: Feb Chlorophyll-a Concentration (2019)

The satellite derived chl-a concentration of February for the years 2017-2019 is shown in Figure
3. All seven sites showed medium to high concentrations of chl-a over the years. Chl-a
concentration reaches the maximum value at the shoreline. Figure 3 show that mean chlorophylla concentrations 2017-2019 are moderate to high (1.8 mg/m³ to 3.5 mg/m³) for the coral reefs that
are closer to land interface. The sample sites that are farther from land have lower chlorophyll-a
concentration. The highest chl-a concentration was 2.44 mg/m³ in Guánica Bay's. The remaining
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sites (Mario, Enrique, Turrumote, Turrumote 2, and Baul) showed chl-a concentrations of 1.48
mg/m³. In 2019 (Figure 4), many of the sample sites reached the maximum value of 25.5 mg/m³
for chlorophyll-a concentrations. Sample sites Mario, Enrique, and Baul reached maximum
chlorophyll-a concentration at 25.5 mg/m³, while sites Turrumote and Turrumote 2 at 17.81 mg/m³
and Mouth of Guánica Bay were at 13.03 at mg/m³ were medium range for concentration. Satellite
pixels that cross the land shoreline will show spurious chl-a values, therefore Romero does not
show chl-a values. In this study we did not collect water samples and measure chl-a with a
spectrometer to verify sensing measurements as that was not in the scope of our study and should
be done in future studies to verify remote sensing measurements.

Figure 5: Mean Sept Chlorophyll-a Concentration (2017-2019)
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Figure 6: Sept Chlorophyll-a Concentration (2019)

Figure 5 shows the chlorophyll-a concentration for September 2017-2019, where all seven sites
showed high concentrations of chl-a. All sites had high chlorophyll-a concentrations, which were
between 15.7-20 mg/m³. For the year 2019 (Figure 6) specifically, many of the sample sites (Mario,
Enrique, Turrumote and Baul) reached maximum value for chlorophyll-a concentrations. Sample
sites Mario, Enrique, and Baul reached maximum chlorophyll-a concentration at 4.33- 5.5 mg/m³,
while sites Turrumote (3.84 mg/m³), Turrumote 2 (2.81 mg/m³) and Mouth of Guánica Bay (1.59
mg/m³) were moderate-low range for concentration.
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Table 2:Chl-a Concentrations

Figure 7:Chl-a Yearly Summary

18

In 2017, chl-a concentrations at all the sites ranged from 0.84 mg/m³ to 3.5 mg/m³ averaging 1.0
mg/m³ for the dry season. The average for Turrumote 2 May-July was 2.0 mg/m³. During the wet
season, all sites had a chl-a concentration that ranged from 2.0 mg/m³ to 3.0 mg/m³ averaging 1.9
mg/m³ except for Turrumote 2 which was 1.2 mg/m³ (Table 2). In 2018, chl-a concentrations at all
the sites ranged from 0.34 mg/m³ to 0.90 mg/m³ averaging 1.01 mg/m³ for the dry season. The
month of July experienced heavy cloud cover, therefore no data was available for that month.
During the wet season, all sites had a chl-a concentration ranging from 1.3 mg/m³ to 2.7 mg/m³
averaging 1.89 mg/m³ (Table 2). In 2019, chl-a concentrations at all the sites ranged from 0.90
mg/m³ to 2.0 mg/m³ averaging 1.4 mg/m³. During the wet season chl-a across all the sites ranged
from 1.2 mg/m³ to 2.3 mg/m³, averaging 1.4 mg/m³. For 2019, the dry season had higher
concentrations of chl-a and the wet season had lower chl-a concentrations.

Metal concentrations
The concentrations of Cu, Fe, Mn, Ni, Sr, Ti, Zn in corals and sediment are reported in Table Y.
Values for As, Cd, and Cr were below the detection limit for corals and sediment.

Table 3: Metal Concentration for Corals in ppm.
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Table 4: Metal Concentrations in Sediment for all sites

For each site, elements of interest were compared to the baseline averages obtained by
Whitall (Whitall et al.) and to values obtained from NOAA NCCOS Database
(https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/pmn/data/) for sediments
and corals from the following U.S. protectorate locations: The Commonwealth of the Northern
Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii, Pacific Remote Islands Area,
American Samoa, Florida, Flower Garden Banks, U.S. Virgin Islands, and Puerto Rico

Mercury
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Figure 8: Mercury concentrations in Corals (Orbicella faveolata) & Sediment

Hg concentrations in coral tissues at all the sites ranged from 3.2 x 10 -4 ppm to 1.4 x 10-3 ppm
averaging 7.4 x 10-4 ppm for Orbicella faveolata (Figure 8). Hg concentrations in sediments for
all sites ranged from 2 x 10-3 ppm to 2 x10-1 ppm and averaged 4.4 x 10-2 ppm. For all sites Hg
values in coral tissue were lower than the average 0.002 ppm found by (Whitall et al., 2013). In
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sediment, at all sites except Turrumote Hg values were also lower than the average 0.002 ppm
found by (Whitall et al., 2013).

Figure 9: Mercury concentrations in Corals (Montastraea cavernosa) & Sediment

Hg concentrations in coral tissues at all the sites ranged from 3.2 x10-4 ppm to 1.4 x 10-3 ppm and
averaging 5.3 x 10-4 ppm for Montastraea cavernosa (Figure 9). Hg concentrations in sediments
for all sites ranged from 2 x 10-3 ppm to 3 x10-1 ppm and averaged 5 x 10-2 ppm. For all sites Hg
values in coral tissue were lower than the average 0.002 ppm found by (Whitall et al., 2013). In
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sediment, at all sites except Turrumote Hg values were also lower than the average 0.002 ppm
found by (Whitall et al., 2013).

Strontium and Iron

Figure 10: Strontium and Iron Concentration in corals (wt.%)

Sr concentration in coral tissue for Orbicella Faveolata ranged from 0.017 wt% to 0.44 wt%
averaging 0.44 wt.% (Figure 10). In Montastraea Cavernosa strontium concentrations ranged from
0.18 wt.% to 0.41 % averaging 0.33 wt.%. Fe concentration in Orbicella Faveolata ranged from 8
x 10-3 wt.% to 0.014 wt.% averaging 0.015 wt.% (Figure 10). Montastraea Cavernosa Fe
concentration ranged from 6.4 x 10-3 wt.% to 0.022 wt.% averaging 0.013 wt.% in, which is similar
than Whitall's (2013) average of 0.01 wt.% and NOAA NCCOS data average concentration of
concentration of 0.1 wt.% found across U.S. island territories (Figure 10).
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Zinc and Copper

Figure 11: Zinc and Copper Concentration in Corals (ppm)

Zn concentration in Orbicella Faveolata ranged from 13.6 ppm to 22.3 ppm averaging 17.7 ppm
(Figure 11). In Montastraea Cavernosa Zn concentrations ranged from 14.8 ppm to 22.3 ppm
averaging 18.8 ppm, which higher than Whitall's (2013) average of 9.42 ppm and NOAA NCCOS
data average concentration of concentration of 2-6 ppm found across U.S. island territories (Figure
11). Cu concentration in Orbicella Faveolata ranged from 12.9 ppm to 180 ppm averaging 59
ppm. Montastraea Cavernosa, Cu concentration ranged from 63.8 ppm to 180 ppm averaging 103
ppm which higher than Whitall's (2013) average of 22.47 ppm and NOAA NCCOS data average
concentration of 5 ppm found in the area (Figure 11).
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Major and Trace Elements in Sediment corresponding to Orbicella faveolata

Figure 12: Manganese, Iron, Strontium and Titanium Concentration in Sediment near Orbicella faveolata
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The average Mn concentration in Orbicella faveolata sediments for the sites ranged from 20.6
wt% to 115 wt%, averaging 57.5 wt% ppm, which is lower than Whitall's (2013) average of 470
ppm but close to NOAA NCCOS data concentration of 30-60 ppm found across U.S. island
territories (Figure 12).The average Fe concentration in Orbicella faveolata sediments for the seven
sites ranged from 0.03 wt.% to 0.22 wt.%, averaging 0.12 wt.%, which is higher than Whitall's
(2013) average of 0.27 wt.% and NOAA NCCOS data concentration of 0.2 wt.% found across
U.S. island territories (Figure 12). Strontium in sediments collected near Orbicella Faveolata,
ranged from 0.1 wt.% to 0.39 wt.%. The average concentration for the seven sites was 0.26 wt.%.
Titanium in sediments collected near Orbicella Faveolata ranged from 0.008 wt.% to 0.02 wt.%
averaging 0.03 wt.% (Figure 12).
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Figure 13: Copper, Nickel and Zinc Concentration in Sediment near Orbicella faveolata
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The average Cu concentration in Orbicella faveolata sediments for the sites ranged from 15 ppm
to 29.8 ppm averaging 21 ppm, which was lower than Whitall's (2013) average of 29.18 ppm but
higher than the NOAA NCCOS data concentration of 10 ppm across U.S. island territories (Figure
13). The average Ni concentration in Orbicella faveolata sediments for the sites ranged from 15
ppm to 25 ppm averaging 21.1 ppm, which is lower than Whitall's (2013) average of 228.71 ppm
but higher than NOAA NCCOS data concentration of 2-3 ppm found across U.S. island territories
(Figure 13). The average Zn concentration in OF sediments for the sites ranged from 3.7 ppm to
10 ppm averaging 6.6 ppm which is lower than Whitall's (2013) average of 46.71 ppm and NOAA
NCCOS data concentration of 10-15 ppm found across U.S. island territories (Figure 13).
Major and Trace elements in Sediment corresponding to Montastraea Cavernosa (MC)
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Figure 14: Manganese, Iron, Strontium and Titanium Concentration in Sediment near Montastraea Cavernosa

The average Mn concentration in Montastraea Cavernosa sediments for the sites ranged from 16.2
wt.% to 117 wt.% averaging 62.1 wt.%, which is lower than Whitall's (2013) average of 470 ppm
but close to NOAA NCCOS data concentration of 30-60 ppm found across U.S. island territories
(Figure 14). The average Fe concentration in Montastraea Cavernosa sediments for the sites
ranged from 0.01 wt.% to 0.24 wt.% averaging 0.15 wt.%, which is lower than Whitall's (2013)
average of 0.27 wt.% and NOAA NCCOS data concentration of 0.2 wt.% found U.S. island
territories (Figure 14). Strontium in sediments collected near Montastraea Cavernosa ranged from
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0.018 wt.% to 0.49 wt.%, averaging 0.21wt.%. Titanium in sediments collected near Montastraea
Cavernosa ranged from 0.03 wt.% to 0.064 wt.%, averaging 0.04 wt.% (Figure 14).

Figure 15: Copper, Nickel and Zinc Concentration in Sediment near Montastraea Cavernosa

The average Cu concentration in Montastraea Cavernosa sediments for the sites ranged from 12
ppm to 25.5 ppm averaging 22 ppm, which was lower than Whitall's (2013) average of 29.18 ppm
but higher than the NOAA data concentration of 10 ppm found across U.S. island territories
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(Figure 15). The average Ni concentration in Montastraea Cavernosa sediments for the sites
ranged from 9.6 ppm to 23 ppm averaging 19 ppm, which is lower than Whitall's (2013) average
of 228.71 ppm but higher than NOAA NCCOS data concentration of 2-3 ppm found across U.S.
island territories (Figure 15). The average Zn concentration in Montastraea Cavernosa sediments
for the sites ranged from 4 ppm to 9 ppm averaging 7.5 ppm, which is lower than Whitall's (2013)
average of 46.71 ppm but close to NOAA NCCOS data concentration of 10-15 ppm found across
U.S. island territories (Figure 15).
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Discussion
Chl-a Concentrations in Guánica Bay and La Parguera:
The Coral Reef Watch virtual stations have higher concentrations because they cover a
larger area than a single pixel containing the sample site. Although the range of concentrations is
different, reaching much higher values than in the single-pixel values, the time series trend of chla in the virtual stations mirrors the measurements from site-specific chl-a for May and November
2017 and February and October 2018 at the Guánica Stations and sample sites. For La Parguera
stations increases in chl-a occurred in March of 2019 (see Appendix B). In 2018, the chl-a
concentrations increased in February for Guánica Bay virtual station and sample site, and in
November for La Parguera virtual station and sample sites. For 2019, the chl-a concentrations for
Guánica Bay and La Parguera virtual stations were consistent with each other; however, the
individual sample sites at those locations differed in chl-a concentration values. In Guánica Bay in
February 2019, there was in increase in chl-a concentration for individual sample sites and a
decrease in chl-a concentration at the virtual stations. This trend can also be seen in the La Parguera
virtual stations and sample sites as well.
Overall, for both Guánica Bay and La Parguera virtual stations, chl-a concentration
remained low from 2017 to 2019. In 2019 the chl-a concentrations for the virtual stations in
Guánica Bay ranged from 0.3 mg/m³ to 2.4 mg/m³ while the individual sites ranged from 1.3 mg/m³
to 5 mg/m³. In La Parguera the chl-a concentrations for the virtual stations ranged from 0.4 mg/m³
to 1.2 mg/m³ while the individual sample sites ranged from 0.3 mg/m³ to 3 mg/m³. This indicates
that while the broader area of Guánica Bay and La Parguera have low chl-a concentrations, the
individual sample sites have higher concentrations of chl-a.
Figure 4 shows that chl-a concentrations were higher in February 2019 compared to
September 2019. Sites Mario, Enrique, and Baul reached a maximum chl-a concentration of 25.5
mg/m³. High chl-a concentrations can be attributed to a dry season in 2019 that was unusually wet,
leading to more surface runoff and increased algal growth (Nixon, 1992; Whitall et al., 2013).
Figure 5 shows that the mean chlorophyll-a concentration for 2017-2019, all sample sites reached
maximum chl-a concentration of 5.5 mg/m³. High chl-a concentration could also be attributed to
nutrient inputs from housing development, marinas, golf courses, livestock, fertilizer applications
on cropland and run-off from turf grass maintenance (Abirhire et al., 2016). Figure 6 shows
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considerably lower chlorophyll-a concentrations for Turrumote (3.84 mg/m³), Turrumote 2 (2.81
mg/m³), Guánica Bay (1.59 mg/m³), and Baul whereas Enrique and Mario, both exhibit higher
values (5.5 mg/m³). A factor that causes local variability in chl-a is agriculture. For example, sun
grown coffee is a common crop in southwest Puerto Rico, however, it requires large amounts of
chemical pesticides (Rappole et al., 2003). Furthermore, farming practices associated with sun
grown coffee contributes to soil degradation due to the broad deforestation required for successful
crops. During heavy rainfall, pesticides and fertilizers are flushed into the surrounding ecosystem
causing eutrophication (Borkhataria et al., 2012). This may explain the high chl-a concentration at
many of the sites.

Coral & Sediments
Most metal concentrations in corals were low compared to Whitall (2013) and NOAA
NCCOS. In general, metal concentrations in corals have not increased in Guánica Bay and La
Parguera. In fact, most metal concentrations have decreased since Whitall’s 2013 study except for
Cu and Zn. Cu levels were higher only in Montastraea Cavernosa, while Zn levels were higher
for both species compared to Whitall et al. (2013) and NOAA NCCOS data. Elevated
concentrations of Zn can due to non-point sources of pollution, such as the outflow pipes near the
Bay (Whitall et al., 2013). Non-point anthropogenic sources of Zn are automobile sources (i.e.,
vulcanization of rubber and tire wear, and break lining) pesticides, and fertilizers (Councell et al.,
2004; Sutherland, 2000). Elevated Cu concentrations in Montastraea Cavernosa surpassed the
concentrations in corals obtained by Whitall (Whitall et al., 2013) and the NOAA NCCOS data.
The Cu sources in this ecosystem can be attributed to automobile sources (i.e., brake pad dust),
anti-fouling boat paint, and pesticides. In Puerto Rico, there is 614 cars per 1000 people, and
several highways run within 5 km of the southwest PR coast, solidifying automobile sources as a
contributor to Cu and Zn in this marine ecosystem. Furthermore, the Lajas Valley Agricultural
Reserve Farm area which comprises approximately 155 farms likely contribute agricultural Cu
from pesticides to the ecosystem. Although the concentrations of Cu in the corals is high only in
Montastraea Cavernosa concentrations of 69 ppm or higher can affect the fertilization success of
corals (Reichelt-Brushett and Michalek-Wagner, 2005) and therefore should continue to be
monitored. Zn concentration is also important to monitor because Zn enhances the growth of
bacteria in seawater, leading to disruption of symbiosis in corals (Corinaldesi et al., 2018). The
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concentration at which dissolved Zn becomes toxic is species dependent (Fel et al., 2019). Hg nonpoint sources of pollution include atmospheric deposition, mining, manufacturing, and combustion
of coal (Eisler, 1987). Biomass burning and volcanic activity can also be contributors (Gworek et
al., 2016). In the sites studied, Hg concentration was lower compared to those reported by Whitall
et al. (2013) and may be the result of reduced manufacturing and combustion of coal (EPA;
https://www.eia.gov/state/analysis.php?sid=RQ). Other metals such as Mn, Ni, and Ti were below
the detection limit.
The metals that were detected in sediments were Cu, Ni, Zn and Hg. Cu, Ni, Zn, and Hg
values were lower than those reported by Whitall et al. (2013), and NOAA NCCOS expect Mn,
which was lower than Whitall’s values but was similar to NOAA NCCOS. Sediment near corals
contains carbonate and silica sand and therefore any bioaccumulation of metals in carbonates is
diluted by other components. Cu and Zn, which are divalent metals, can substitute for Ca in coral
tissue due to isomorphic substitution (Ferrier-Pagès et al., 2005) and therefore can explain
increased concentration of these metals at our study sites. Corals grow slowly, at a rate of only
0.2-1 inch per year, which captures water quality parameters in bands of coral exoskeleton
(Dubinsky and Stambler, 1996). The amount of coral tissue collected in this study was 0.1-0.5 g
from the most recent growth. In comparison to the data of Whitall et al. (2013), this indicates that
there was Cu and Zn increase in the environment within the past few years. This may also explain
why Cu and Zn levels are high in corals (due to bioaccumulation) but low in sediment. While the
sediment shows a longer and more general record of metal inputs to Guánica Bay and La Parguera,
corals show a recent record of metal inputs due to their slow growth rate.

Metal pollution in southwest Puerto Rico
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Table 5: Geoaccumulation Indices of Sediment for all sites. Highlighted numbers indicate high geoaccumulation.

The Geoaccumulation Index (Igeo) was calculated for Cu, Ni, Zn, and Mn and is reported in Table
5. Igeo values for Ni, Zn, Mn, and Fe at all sites were below 0 which indicated no contamination
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(Müller, 1969). However, Igeo for Cu was between 1-2 for most sites (Mario, Enrique, Guanica
Bay, Turrumote 2, Romero and Turrumote) which indicates moderate contamination (Müller,
1969). An Igeo > 2 was found at Baul which indicates moderate to strong contamination (Müller,
1969). Baul is located near the highly urbanized area of Playa Santa and shows high chl-a
concentrations (Figure 4). Therefore, higher concentrations of Cu in that area are indicative of
anthropogenic inputs.
Hussain et al. found that areas containing higher metal concentrations correspond to higher
chl-a. Therefore, chl-a can be used as a proxy for metal inputs into marine ecosystem (Hussian et
al., 2018). In this study many sites exhibited high chl-a concentrations; however, further analysis
did not coincide with high heavy metal input. Cu is ubiquitous in ocean water at 2.5 x 10-4 ppm
and 1.4 x 10-2 for Zn (Lewis, 1995). Moderate to strong contamination indicated by Igeo, and
somewhat higher concentrations of Cu suggest that Cu needs to be monitored in this marine
environment and poses a risk to the coastal ecosystem health. Zn concentrations in this study were
higher than that of Whitall et al., (2013), however, it does not suggest toxicity. Zn concentrations
in estuaries and coastal waters are frequently much higher than those in the ocean, with
concentrations often as low as 4 ppm and occasionally as high as 25 ppm(Neff, 2002b). An Igeo
below 0 suggests that Zn does not pose a risk in this marine environment, or risk to the coastal
ecosystem health. Guánica Bay has long been a priority in terms of coral mortality due to the
deterioration of water quality from sediment and nutrient runoff from the surrounding watershed
(Smith et al., 2017). The overall low concentration of metals can be attributed to mitigation efforts
by NOAA’s Watershed Management activities which include implementation of hydroseeding test
plots,

the removal of abandoned industrial structures and erosion and sediment control

[https://www.coris.noaa.gov/activities/projects/watershed/welcome.html] (2013-2017).
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Conclusion
This study sought to evaluate Guánica Bay and La Parguera coastal areas through remote
sensing and chemical analysis to assess coastal ecosystem health. In 2019, chl-a for virtual stations
and single pixel sample sites mirror each other, furthermore, high chl-a concentrations for most
sites, indicates anthropogenic metal inputs into the ecosystem. This can be attributed to a dry
season that was unusually wet, leading to more surface runoff and increased algal growth.
Increased perception in winter months is a result of climate change. Chl-a can be used as a proxy
for metal inputs into a marine ecosystem where a high chl-a concentration can indicate increased
nutrient loads from anthropogenic activities such as irrigation systems for agriculture and LBSP.
Specifically, for Baul, high chl-a concentrations and an Igeo that indicates moderate to strong
contamination of Cu suggest anthropogenic inputs into the ecosystem due to more surface runoff.
In coral tissues for both species, all metal concentrations where low except for Cu and Zn, which
were higher than Whitall’s (2013) study. Higher levels of Cu and Zn in corals suggest that corals
are bioaccumulating these metals in exchange for Ca, and therefore should be monitored because
it poses a toxicity risk. Higher concentration of Zn and moderate to strong contamination for Cu,
as indicated by Igeo, suggest that increased concentrations of these metals is due to anthropogenic
inputs such as automobile sources and agriculture. Although Zn concentration does not reach
contamination levels and is of less concern to corals with respect to toxicity, like Cu, it should be
monitored because of its elevated levels in Guánica Bay and La Parguera in coral tissue. Thus, Cu
and Zn may represent potential contaminants in the future.
Low concentrations of Cu, Ni, Zn, Mn, and Hg were identified in sediment at similar or
lower levels than Whitall et al., (2013). This indicates that since the Whitall et al. (2013) study,
concentrations for heavy metals has decreased overall due to reduced anthropogenic activities,
including coal-burning. The concentration values for all metals reported here can be used as an
updated baseline for subsequent studies.
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Appendix A

Frequency Distributions for Cu, Mn and Fe in corals from U.S. protectorate locations,
Commonwealth of the Northern Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii,
Pacific Remote Islands Area, American Samoa, Florida, Flower Garden Banks, U.S. Virgin
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Islands,

and

Puerto

Rico

locations

downloaded

from

NOAA

NCCOS

Data

(https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/pmn/data/).

Frequency Distributions for Sn, Zn and Ni in corals from U.S. protectorate locations,
Commonwealth of the Northern Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii,
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Pacific Remote Islands Area, American Samoa, Florida, Flower Garden Banks, U.S. Virgin
Islands,

and

Puerto

Rico

locations

downloaded

from

NOAA

NCCOS

Data

(https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/pmn/data/).

Frequency Distributions for Cu, Mn and Fe in sediment from U.S. protectorate locations,
Commonwealth of the Northern Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii,
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Pacific Remote Islands Area, American Samoa, Florida, Flower Garden Banks, U.S. Virgin
Islands,

and

Puerto

Rico

locations

downloaded

from

NOAA

NCCOS

Data

(https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/pmn/data/).

Frequency Distributions for Sn, Zn and Ni in sediment from U.S. protectorate locations,
Commonwealth of the Northern Mariana Islands, Guam, Northwestern Hawaiian Islands, Hawaii,
Pacific Remote Islands Area, American Samoa, Florida, Flower Garden Banks, U.S. Virgin
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Islands,

and

Puerto

Rico

locations

downloaded

from

NOAA

NCCOS

Data

(https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/pmn/data/).

Appendix B

Monthly Mean for Virtual Stations and sample sites in Guánica Bay and La Parguera, Puerto Rico
for the years 2017-2019.
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Appendix C

Summary statistics for metal in Orbicella faveolata and Montastraea cavernosa.
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Summary statistics for meals in Sediment collected near coral species.

Appendix D

Calibration plots for powered rock standards from the USGS repository and GeoRem
(http://georem.mpch-mainz.gwdg.de/) are shown for Al, Ca, Ti, V, K and Mn, where the x-axis
represents the counts and the y-axis represent the concentrations. The slope and R2 values are also
displayed on the plots.
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Calibration plots for powered rock standards from the USGS repository and GeoRem
(http://georem.mpch-mainz.gwdg.de/) are shown for Cr, Zn, Ni, Cu, Fe and Rb, where the x-axis
represents the counts and the y-axis represent the concentrations. The slope and R2 values are also
displayed on the plots.

Calibration plots for powered rock standards from the USGS repository and GeoRem
(http://georem.mpch-mainz.gwdg.de/) are shown for Ga, Y and Sr, where the x-axis represents the
counts and the y-axis represent the concentrations. The slope and R2 values are also displayed on
the plots.
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